The origin of the carbon atoms in the CO 2 respired by French bean (Phaseolus vulgaris) leaves in the dark has been studied using 13 C/ 12 C isotopes as tracers. The stable isotope labeling was achieved through a technical device that uses an open gas-exchange system coupled online to an elemental analyzer and linked to an isotope ratio mass spectrometer. The isotopic analysis of the CO 2 respired in the dark after a light period revealed that the CO 2 was labeled, but the labeling level decreased progressively as the dark period increased. The pattern of disappearance depended on the amount of carbon fixed during the labeling and indicated that there were several pools of respiratory metabolites with distinct turnover rates. We demonstrate that the carbon recently assimilated during photosynthesis accounts for less than 50% of the carbon in the CO 2 lost by dark respiration and that the proportion is not influenced by leaf starvation in darkness before the labeling. Therefore, most of the carbon released by dark respiration after illumination does not come from new photosynthates.
The origin of the carbon atoms in the CO 2 respired by French bean (Phaseolus vulgaris) leaves in the dark has been studied using 13 C/ 12 C isotopes as tracers. The stable isotope labeling was achieved through a technical device that uses an open gas-exchange system coupled online to an elemental analyzer and linked to an isotope ratio mass spectrometer. The isotopic analysis of the CO 2 respired in the dark after a light period revealed that the CO 2 was labeled, but the labeling level decreased progressively as the dark period increased. The pattern of disappearance depended on the amount of carbon fixed during the labeling and indicated that there were several pools of respiratory metabolites with distinct turnover rates. We demonstrate that the carbon recently assimilated during photosynthesis accounts for less than 50% of the carbon in the CO 2 lost by dark respiration and that the proportion is not influenced by leaf starvation in darkness before the labeling. Therefore, most of the carbon released by dark respiration after illumination does not come from new photosynthates.
Photosynthesis provides the carbohydrate substrate upon which plants depend. By contrast, glycolysis and respiration are responsible for the release of energy stored in carbohydrates. However, the amount of carbon assimilated during photosynthesis and immediately respired in leaves is unknown. In general, the respiratory carbon metabolism and its relation to recent photosynthates in leaves are poorly understood.
For many years, studies on carbon metabolism after a period of light used carbon isotopes as tracers. 14 C labeling in the light was first applied in pioneering studies by Calvin and others to identify the fate of the carbon atoms fixed by photosynthesis (for review, see Rabinowitch, 1956) . Subsequent studies using pulsechase techniques with 14 C were mainly used to examine allocation, that is, the partitioning of assimilates between distinct parts of the plants (Pearen and Hume, 1981; Fondy and Geiger, 1982; Soja et al., 1989; Kuzyakov et al., 2001) or the distribution of the 14 C in different metabolites of the same organ (Sharkey et al., 1985; Li et al., 1992) . Refixation of CO 2 produced in the light by photorespiration is probably not a problem in the above studies, although it can obscure the results when studying fluxes in a given pathway, i.e. the photorespiratory pathway, where knowledge of the specific radioactivity of the carbon feeding the pathway must be accurately known (Biehler and Fock, 1996) .
In darkened leaves, the measurements of 14 C labeling in respired CO 2 are scarce: Birecka et al. (1969) found that the radioactivity of the respired CO 2 from the main shoot increased in wheat plants deprived of the ear, indicating that carbon losses in the last period of wheat development are due to more intensive respiration; Bort et al. (1996) , feeding ears and flag leaves of durum wheat (Triticum durum) with 14 C-labeled Suc and trapping the 14 CO 2 released by respiration, concluded that the apparent refixation of respiratory CO 2 in the ears was double that measured in the flag leaves; Goren et al. (2000) showed that the radioactivity in the respired CO 2 was lower than 2% in citrus juice cells fed with [ and Pärnik et al. (2002) showed that the total rate of respiration (as the sum of decarboxylation of stores and primary photosynthates) was not affected by light in cereals.
Labeling techniques using 13 CO 2 have been used to study plant accumulation of assimilates and its relationship with seed storage mobilization (Cliquet et al., 1990a (Cliquet et al., , 1990b Maillard et al., 1994) or to examine the refixation of respiratory CO 2 in wheat ear (Gebbing and Schnyder, 2001 , although CO 2 respired was not measured directly). At the whole-plant scale, Avice et al. (1996) used the 13 C labeling in alfalfa (Medicago sativa) to show that the main 13 CO 2 loss involved root respiration.
Respiratory metabolism has also been studied in heterotrophic cells using 13 C-enriched Glc labeling coupled to NMR (Bligny et al., 1989; Aubert et al., 1996; Dieuaide-Noubhani et al., 1997) . This technique was used to show that, in root tips of maize (Zea mays), exogenous Glc enters the Suc synthesis/degradation futile cycle, starch synthesis, the pentose phosphate cycle, and the Krebs cycle but, again, the 13 C enrichment in the respired CO 2 was not measured (DieuaideNoubhani et al., 1997) . In detached leaves under CO 2 -free air conditions, 13 C-enriched Glc labeled dayrespired CO 2 and leaf-emitted isoprene, indicating that the labeled Glc was incorporated into leaf metabolites and used as a respiratory substrate (Affek and Yakir, 2003) . Nevertheless, data on the respiration of intact leaves after illumination are scarce.
In general, the CO 2 used for steady-state labeling is artificially enriched with either 14 CO 2 or 13 CO 2 , and labeling is performed in closed systems (Kouchi and Yoneyama, 1984; Geiger and Shieh, 1988) . Long-term labeling studies are difficult to conduct in closed systems and require large amounts of heavy carbon isotopes (Schnyder, 1992 ). An alternative method, based on the difference in 13 CO 2 abundance between atmospheric CO 2 and commercially available compressed, 12 C-enriched CO 2 , was proposed by Deléens et al. (1983) . This method allows the exposure of plants or parts of plants to CO 2 with a constant carbon isotope composition (d 13 C) in an open system. Using this method in a long-term experiment, Schnyder et al. (2003) have shown in whole plants that at least two pools were involved in feeding dark respiration.
The aim of this study was to determine the origin of the carbon atoms in the CO 2 respired by French bean (Phaseolus vulgaris) leaves in the dark immediately after the photoperiod using 13 C/ 12 C isotopes as tracers, with an online open system that consists of a LI-6400 open gas-exchange system directly coupled to an elemental analyzer (EA) and to an isotope ratio mass spectrometer (IRMS). This system takes advantage of the difference in d
13
C between atmospheric CO 2 (29.5&) and commercially available ( 12 C-enriched) CO 2 (251.2&), and consequently the 13 C abundance in the CO 2 used for the labeling is in the same order of magnitude as that found in nature. This allows picking up the contribution of already stored carbon having only a slight 13 C content, which would not have been possible if heavily labeled carbon (several percent as usual) was used. We demonstrate that the carbon recently assimilated during photosynthesis accounts for less than 50% of the carbon in the CO 2 lost by dark respiration and that the proportion is not influenced by leaf starvation in darkness before the labeling. Therefore, most of the carbon released by dark respiration after illumination does not come from new photosynthates.
RESULTS
Plants were removed from the greenhouse, and the d 13 C of the dark-respired CO 2 (unlabeled) of the intact leaf was immediately measured in the closed online system. Then the leaf was placed in the open online system for isotopic labeling (at a d 13 C of 251.2&). After labeling, the leaflet was placed back to the closed online system to measure the d 13 C of the dark-respired CO 2 (labeled). Leaf respiration did not change during the first 4 h of darkness after labeling but decreased slightly after 20 h (Fig. 1A) . The d
13
C value of the dark-respired CO 2 was about 222& before labeling (Fig. 1B) , and decreased to 230.1, 236.1, and 238.6& after labeling with CO 2 depleted in C value of the dark-respired CO 2 for a 20-h dark period for unlabeled leaves is also shown (diamonds). Data are the means of three replicates (SE values are shown when larger than the symbols). At the beginning of the dark measurements, the percent of new carbon in respired CO 2 was 18%, 29%, and 34% for the 10, 30, and 80 mmol C m 22 labeling curves, respectively. Inset, Schematic drawing of the surfaces delimited by (1) the control d After 20 min of labeling (10 mmol C m
22
), the d 13 C value of the dark-respired CO 2 rapidly increased during the dark period (reaching about 224& after 3 h). After 20 h, the d 13 C of the dark-respired CO 2 of these leaves reached a value similar to unlabeled leaves (227&; Fig. 1B, squares) . After 75 min of labeling (30 mmol C m 22 ), the d
13
C increased rapidly and reached about 227& in 2 h and then remained constant (Fig. 1B, circles) . Interestingly, after 180 min of labeling (80 mmol C m 22 ), the d
C value remained at about 238& during the first 3 h of darkness and slowly recovered to the expected value after 20 h (i.e. 227&; Fig. 1B, triangles) .
The surface delimited by the control d 13 C curve and the d (Fig. 1B , inset, horizontal bars), are similar. These surfaces represent the emptying of a respiratory pool during the 150 min of darkness immediately after the photosynthetic assimilation period.
Respiratory Metabolites after Labeling
Immediately after labeling, Suc and starch were labeled (e.g. d 13 C of Suc and starch were 240.7& and 231.4&, respectively, after 80 mmol C m 22 labeling; Table I ). As the photosynthetic isotope discrimination of these leaves was online carbon isotopic discrimination (D O ) 5 20&, the d (Table I) . At the end of the dark period (20 h), the labeling decreased in both metabolites.
The nature of the respiratory substrate can be determined by the respiratory quotient (RQ), which is the ratio of CO 2 production to oxygen consumption. This quotient is close to 1 when carbohydrates are consumed and less than 1 when less-oxygenated substrates are used for respiration (e.g. 0.6 for fatty acids). Immediately after labeling, RQ was 1 and decreased to 0.8 at the end of the dark period ( Table I ), indicating that compounds other than carbohydrates are oxidized during respiration.
Effect of the Amount of Carbon Fixed by Photosynthesis on d
13 C of Dark-Respired CO 2
As expected, the d
13
C of the dark-respired CO 2 decreased with the increasing amount of labeled carbon assimilated by leaves, reflecting the global increase in the amount of labeled carbon in the leaf (Fig. 2) . However, the d 13 C began to saturate at about 80 mmol C m 22 and eventually reached a plateau, with values close to 248& (Fig. 2B, black symbols) . Interestingly, the response of the d 13 C of CO 2 to the amount of carbon was the same for nonstarved leaves and leaves of plants previously starved in darkness for 3 d before the labeling experiments (Fig. 2B , white symbols).
The d
C of the dark-respired CO 2 was used to calculate the proportion of new carbon (i.e. recently fixed during the labeling) in the CO 2 respired (see ''Materials and Methods'' for calculation details) and was plotted as a function of the amount of carbon fixed by leaves (Fig. 2C ). The proportion of new carbon rose with increasing amounts of carbon assimilated by the leaves until about 80 mmol C m 22 , for both nonstarved and starved leaves. This proportion then saturated to about 50% at 800 mmol m 22 of fixed C (i.e. around 24 h of labeling). Only about 50% of the carbon of the CO 2 respired was labeled in nonstarved and starved plants, respectively (Fig. 2C ). Figure 2C , inset, represents the semilogarithmic plot of the data in this figure, showing that at least two pools of substrates are feeding respiration.
Effect of the Amount of Carbon Fixed on Leaf Metabolites
The total amount of carbon and the calculated amount of new carbon coming from recent photosynthetic activity in Suc and starch (the two main photosynthetic products) after different amounts of carbon fixed during the labeling experiments in starved and nonstarved leaves are shown in Table II . The calculated values are obtained using the d 13 C (see Fig. 3 ) and the total amount of each carbohydrate (see ''Materials and Methods'' for calculation details). The percentage of the assimilated carbon used to synthesize Suc and starch in the leaf is shown in brackets.
Suc content remained quite stable in nonstarved leaves while it peaked after 250 mmol C assimilated in starved leaves. Starch content increased in the first case and reached a maximum after 250 mmol C assimilated in starved plants. Variations in the amounts of new carbon in starch and Suc were similar to those of the total amount during the different labeling periods in both starved and nonstarved plants.
13
C of Suc and starch decreased when the amount of carbon assimilated increased, and the d 13 C of these two compounds was lower in starved (about 255& and 250&, respectively) than in nonstarved leaves (about 245& and 240&, respectively; Fig. 3 ). Therefore, the labeling level in Suc and starch reached about 60% and 50% in starved plants and 40% and 30% in nonstarved plants, respectively.
Organic acids, heat-precipitated proteins, and lipids, which have a slow turnover, were less labeled: Their isotope composition decreased very slowly when the amount of carbon increased, reaching values of around 240& only with a carbon quantity as high as up to 800 mmol C m 22 (Fig. 4) .
DISCUSSION
The CO 2 respired in the dark by French bean leaves immediately after a light period originates from the oxidation of carbohydrates and has a d 13 C of typically about 222& (Duranceau et al., 1999; Ghashghaie et al., 2003; Tcherkez et al., 2003) . However, the relative contribution of the newly fixed carbon by photosynthetic activity versus that from stored carbohydrates to night respiration is unknown. We addressed this question by using stable carbon isotopes at a natural abundance in order to label the photosynthates and by manipulating the amount of carbohydrates stored in the leaves by starving the leaves in the dark.
Several Metabolic Pools Feed Dark Respiration after Illumination
After 20 and 75 min of labeling, the d 13 C of the darkrespired CO 2 rapidly increased and reached a steadystate value after about 150 min in the dark. But the d 13 C of the CO 2 produced was higher in the former labeling treatment (224& versus 227&; Fig. 1B) . In both cases, a pool of respiratory carbon was rapidly filled by photosynthesis and rapidly emptied when the leaf was returned to darkness. As the surface delimited by the control d Fig. 1B, inset) , we conclude that the kinetics of labeling disappearance in respired CO 2 was the same in both cases and that the respiratory pool was already filled by a 20-min photosynthetic period during which 10 mmol C m 22 were fixed. Consequently, the size of this first respiratory pool was 10 mmol C m 22 or less. In both cases, the loss of labeled carbon from this compartment fits a first-order reaction with the same t 1/2 of around 45 min (data not shown). The mean rate of dark respiration during the first 150 min after the light period was 1.1 mmol m 22 s 21 (Fig. 1A) . Thus, the amount of carbon lost by respiration during this period was around 10 mmol C m 22 , which is the (maximal) size of the first respiratory pool, indicating that all the carbon lost by respiration passes through this compartment first.
After 75 min of photosynthesis, a significant amount of low-turnover carbon compounds was synthesized and used by respiration, since, as mentioned above, the d 13 C value of the evolved CO 2 (i.e. 227&) remained lower than that of the unlabeled (control) leaves (Fig.  1B) . These compounds may be carbohydrates since the RQ value was still 1 after 4 h of darkness. In beet (Beta vulgaris), starch is mobilized after 75 min in darkness after a light period (Fondy and Geiger, 1982) . Remobilization of the Suc stored in the vacuole could also contribute to respiration feeding (Dubinina et al., 2001) . After 180 min of photosynthesis, this response was amplified, thereby explaining why the d 13 C of the respiratory CO 2 remained low (i.e. 238&) 3 h in the dark following a light period and then increased slowly to reach the control value in about 18 h (Fig. 1B) .
After 20 h in the dark, the respired CO 2 was not labeled: It reached a d 13 C value of about 227&, similar to the unlabeled (control) leaves. The RQ value was then 0.8 (Table I) , showing sugar starvation and use of low-oxygenated substrates (e.g. proteins or lipids) by respiration (Devaux et al., 1984; Aubert et al., 1996; Tcherkez et al., 2003) . This response may be paralleled by a cytoplasmic regression that induces a progressive decrease in respiratory function, as observed in starved cultured cells in vitro (Aubert et al., 1996) .
Dark Respiration after Illumination Is Fed Only Partly by Current Photosynthates
Interestingly, with plants taken from the greenhouse after 10 h of light, the d 13 C value of the CO 2 respired immediately after the labeling decreased progressively when the amount of carbon fixed increased and reached a steady value of 248& (Fig. 2B, black symbol) . It was not possible to label all the respiratory substrates since, in this case, the d 13 C of the CO 2 produced should have approached the theoretical value of 271&; that is, the d 13 C of the CO 2 in the air (251&) used for the labeling minus the photosynthetic isotope discrimination of the leaves (D O 5 20&). This implies that nonlabeled low-turnover compounds were still feeding dark respiration after 24 h of labeling in the light, during which 800 mmol of C were fixed per m 2 of leaves. At this time, there was only about 50% of new carbon (given by recent photosynthetic activity) in respired CO 2 (Fig. 2C) . Thus, immediately after illumination, and also for approximately 2 h (see Fig. 1B ), respiration in French bean leaves was fed by a mixture The percent of the carbon fixed during photosynthesis used to synthesize Suc and starch is shown in brackets. The calculated values are obtained using the d 13 C (Fig. 3 ) and the total amount of each carbohydrate (see ''Materials and Methods'' for calculation details). of recent photosynthates and old organic molecules, mainly carbohydrates (since RQ 5 1). Surprisingly, the relationship between the d 13 C in the CO 2 produced and the amount of carbon fixed by photosynthesis was the same in leaves of nonstarved and starved plants (Fig. 2B) . Thus, if we assume that the low-turnover respiratory substrates have a similar d 13 C value in both starved and nonstarved plants before labeling, we conclude that the dilution of low-turnover respiratory substrates by recent photosynthetic compounds was the same in both experimental groups.
Suc and Starch Synthesis Are Also Fed Only Partly by Current Photosynthates
The d 13 C value of Suc in nonstarved leaves (245&) was very close to that of the CO 2 respired for high amounts of fixed carbon (248&), indicating that the isotope composition of the CO 2 reflects that of the respiratory metabolites. In this case, the results in Figure 3A indicate that the carbon also came from a nonlabeled source to feed the Suc pool (otherwise the d 13 C of Suc would have also approached the theoretical value of 271&).
By contrast, in starved plants, Suc was more labeled than the respiratory CO 2 and reached a stable d 13 C value between 255 and 260& when 200 mmol C m 22 was fixed. It is very unlikely that the difference of d 13 C value in Suc and CO 2 in starved plants is related to any carbon isotope fractionation during dark respiration because this process, which is expected to be about 26& (negative sign indicates 13 C enrichment in respired CO 2 compared to the substrate pool) at most, was not observed in the nonstarved leaves. Given the strong relationship between respiratory metabolism, shown by the RQ, and fractionation during dark respiration , we conclude that there was no difference in respiratory fractionation between starved and nonstarved plants.
Thus, the steady d 13 C value of Suc in starved plants indicates that some carbon skeletons were provided from pools of nonlabeled substrates to feed Suc synthesis also in this condition. The lower d 13 C steady value of Suc in starved compared to nonstarved plants is presumably due to a lower dilution of carbon from current photosynthates by preexisting carbon because of the shortage of stored carbon after 3 d in the dark. However, previous experiments showed that the d 13 C in Suc, expected from online measurements of D O , satisfactorily equaled that effectively measured after leaf extraction (Brugnoli et al., 1988) . Note that normal air was used as a CO 2 source in these experiments; consequently, the effect of the slow-turnover carbon reserves was not detected in the final isotope composition value.
As noted above, the d 13 C of the CO 2 evolved in both starved and nonstarved leaves is the same, while that of Suc is very different: The low respiration rates in starved leaves presumably induced a low in-draft flux of carbon from recent photosynthesis into the respiratory metabolic pool, with more recent photosynthates directed to feed other processes. As a result, the dilution of the respiratory carbon by recent photosynthesis in starved plants was the same as that in nonstarved plants, while the labeling in Suc was larger. Other metabolic pathways, such as lipolysis and gluconeogenesis (Kim and Smith, 1994; Chen et al., 2000; Rylott et al., 2003) , may feed respiration. Nevertheless, it is very unlikely as the RQ value after illumination was 1.
Comparison of results shown in Table II also highlights the contribution of low-turnover carbon pools in feeding respiration. In nonstarved leaves, the increase in total amount of starch as a function of the amount of new carbon assimilated was about twice the increase in starch coming directly from photosynthetic activity. A similar ratio between the increase in the total amount and the amount newly derived from recently assimilated carbon of both starch and Suc was also observed in starved leaves after 250 mmol C m 22 had been assimilated. Interestingly, both total amount of starch and Suc decreased when 600 mmol C m 22 had been assimilated in starved leaves. New carbon coming from photosynthetic activity in these two compounds also decreased, although this decrease was about one-half that of the total amount. Taken together, these data suggest a tight link during the light period between the direct (from photosynthesis) and indirect (from lowturnover compounds) way of increasing starch and Suc pools in the leaves. In nonstarved leaves, the total amount of Suc is larger than the amount of Suc newly synthesized from photosynthetic activity. Moreover, it does not change or changes only slightly with the amount of carbon fixed during photosynthesis, showing that it is equally synthesized (from photosynthesis) and used (i.e. for synthesis, for exportation, and by respiration). It is not possible in this condition to see an indirect way of Suc synthesis.
Of course, only a small fraction of newly assimilated carbon is used for synthesis of carbohydrates. For example, in nonstarved leaves, after the assimilation of 30 mmol C m 22 , only 13% and 10% of the carbon fixed is used to synthesize Suc and starch, respectively, while in starved leaves, much less is used (see Table II , numbers in brackets). This fraction is even smaller in other metabolites that we have analyzed (i.e. lipids and heat-precipitated proteins; data not shown). The total fraction of the new carbon used for synthesis of major metabolites and for respiration does not exceed 30% in both types of plants (data not shown), indicating that a large fraction of new carbon is exported to the other organs.
Carbon Allocation and Respiratory Substrate Pools
When the amount of carbon assimilated by the leaves was higher than about 400 mmol m 22 , the labeling in starch also reached a stable value (Fig. 3) , which in both cases was lower than that measured in Suc, indicating that new carbon preferentially fed Suc synthesis. The d
13
C relationship in Suc and in starch deviated substantially from 1:1 and was the same in starved and nonstarved leaves (Fig. 5) . The depletion of carbohydrate reserves did not change this relationship (in other words, there is no or nondetectable effect of the dilution of new carbon by preexisting Suc and starch pools). Thus, the data of Figure 5 suggest that the partitioning of new carbon between Suc and starch synthesis is, in both cases, about 40% to starch synthesis, as indicated by the slope of the relationship (about 0.6; Fig. 5 ). This estimation is consistent with that of Sharkey et al. (1985) and Fondy and Geiger (1982) on bean and sugar beet, respectively.
The evolution of CO 2 isotope composition and the proportion of new carbon in CO 2 as a function of the amount of carbon obtained in this study indicate that respiratory carbon in the leaf has (at least) two sources with distinct turnover rates (Fig. 2) . This can be easily seen with a semilogarithmic plot of the data (Fig. 2C , inset) in which two linear relations appear, with time constants (turnover delay) around 6 h (that is, 170 mmol C m 22 with net photosynthesis at 7.5 mmol m 22 s 21 ) and more than 10 d. Recently, at the mesocosm level, Schnyder et al. (2003) also proposed that two distinct substrate pools are used during dark respiration: a fast pool that is exchanged within hours and a slow pool that accounts for about 60% of total respiration and has a mean residence time of approximately 3.6 d. More data are now needed to further compare those two pools in both studies.
The occurrence of two kinetically distinct pools of Suc has already been reported in parenchyma cells of Vicia faba (Fisher and Outlaw, 1979) . Nevertheless, the nature of the compartmentation of carbohydrate (Suc) pools in the leaf remains unclear. One can assume the involvement of the vacuole as a Suc pool with a slow turnover. For example, in suspended cultured cells using the 14 C isotope, the vacuole sequestrates Suc (Gerhardt et al., 1987; Dubinina et al., 2001 ). Presumably, the slow turnover of Suc in the vacuole coupled to efficient export to phloem of current Suc in the light may explain the saturation d 13 C value in nonstarved plants. In starved plants, this effect may be exaggerated by the fact that (1) the vacuole contains some metabolites from the autophagic processes subsequent to starvation (Bligny et al., 1989) ; (2) the renewal of the respiratory metabolic pool is modulated by respiration rate; and (3) the soluble sugars are composed of a mixture of old gluconeogenetic and new carbon.
The d 13 C value of the CO 2 respired in the dark is the result of a composite structure of the carbohydrate (Suc) pool in addition to a possible metabolic compartmentation effect that prevents current photosynthates from entering the glycolysis pathway. As an example, experimental data have shown that the level of the allosteric effector Fru-2,6-P 2 decreases when the photoassimilate load (triose phosphate level) is high, relieving the inhibition of the cytosolic Fru-1,6-P 2 phosphatase (Stitt, 1990) .
In conclusion, the isotope-labeling technique with 13 C abundance close to the natural one allowed us to study the origin of the carbon atoms in the CO 2 respired in darkness by intact leaves. Although respiration after a light period globally oxidizes carbohydrates, our results show that this respiratory substrate is a mixture in which the current photosynthetic product is not the main component in physiological conditions. Similarly, Suc and starch synthesis are fed both by recent photosynthates and low-turnover carbon compounds. Further experiments are now needed to determine the basis of the metabolic compartmentation responsible for this effect.
MATERIALS AND METHODS

Plant Material
French bean (Phaseolus vulgaris L. cv Contender) plants were grown from seeds in 1-L pots of potting mix in a greenhouse, as described by Tcherkez et al. (2003) . Minimum photosynthetic photon flux density (PPFD) during a 16-h photoperiod was maintained at approximately 500 mmol m 22 s 21 by supplementary lighting. Temperature and vapor pressure deficit were maintained at approximately 25.5/18.5°C and 1.4/1.2 kPa day/night, respectively. d
13
C of CO 2 in the greenhouse air was 29.5& 6 0.3&. The first trifoliar fully expanded leaves were used for all measurements.
Gas Exchange and 13 C/ 12 C-Labeling Procedures
Plants were removed from the greenhouse after a light period of about 10 h and the attached leaflet was placed for 45 min in a respiration chamber for online measurements of dark-respired CO 2 (unlabeled). After the initial measurement of dark-respired CO 2 , the attached leaflet was removed from the respiration chamber of the closed system and placed in a specially designed gas-exchange labeling chamber built in the laboratory for online isotope labeling in an open system. After labeling, the attached leaflet was removed from the labeling chamber of the open system, and half of it (still attached) was returned to the respiration chamber of the closed system for online measurements of dark-respired CO 2 (labeled). The other half (and other unlabeled leaflets) was immediately frozen in liquid nitrogen, lyophilized, and powdered for metabolite analysis.
Closed Online System for Dark Respiration
The respiration chamber was placed in a closed system, which was directly coupled to an EA NA-1500 (Carlo-Erba, Milan) through a 15-mL loop, as described by Tcherkez et al. (2003) . Briefly, molar fractions of respiratory CO 2 were measured with an infrared gas analyzer (IRGA; Finor, Maihak, Germany) placed in the closed system that was first flushed with CO 2 -free air. The loop was shunted when CO 2 reached around 300 mL L 21 and the gas inside the loop was introduced into the EA with helium for gas chromatography. The connection valve between the EA and the IRMS (VG Optima; Micromass, Villeurbanne, France) was opened when the CO 2 peak emerged from the EA. Open Online System for Isotopic Labeling
The assimilation chamber was connected in parallel to the sample air hose of the LI-6400 (LI-COR, Lincoln, NE). This aluminum chamber ([20 3 12 3 6] 10 26 m 3 ) has a clear plastic lid that allows us to accommodate the middle leaflet of attached leaves (typical leaf surface about 0.01 m 2 ). Two fans were placed in the chamber and gave a boundary layer conductance to water of about 6.7 mol m 22 s 21 . Leaf temperature was controlled at 20°C with circulating water from a cooling water bath to the jacket of the leaf chamber and measured with a copper-constantan thermocouple plugged into the thermocouple sensor connector of the LI-6400 chamber/IRGA. Ingoing air was dried (at about 1 mmol water mol 21 ) and passed through the chamber at a rate of 1 L min 21 , monitored by the LI-6400. Molar fractions of CO 2 were measured with the IRGA of the LI-6400. This open online system is similar to the one described by Gillon and Yakir (2000) . Light was supplied by a 500-W halogen lamp (Massive N.V., Kontich, Belgium). The lamp was placed about 30 cm above the chamber and 5 cm of deionized water and 1 cm of glass in the container filtered the radiation. The PPFD at the leaf level inside the chamber was maintained at 500 mmol m 22 s 21 during the labeling period. The rest of the plant received a radiation of about 300 mmol m 22 s 21 . For the labeling, CO 2 was obtained from a bottle (Air Liquide, Grigny, France) with a d 13 C of 251.2& 6 0.1&.
After the photosynthetic measurements, the outgoing air of the chamber was shunted and the air with a CO 2 content of about 300 mL L 21 was sent to the loop to measure D O . The gas inside the loop was introduced into the EA for gas chromatography, as described above. D O during photosynthesis was measured following the method described by Evans et al. (1986) :
where j 5 c e c e 2 c o ;
and d e and d o are the isotope compositions of CO 2 in air entering and leaving the chamber, respectively, and c e and c o are the CO 2 concentrations (i.e. molar fractions, mL L 21 ) at a standard humidity of air entering and leaving the chamber, respectively. The measured photosynthetic discrimination was 20& 6 1.5&. The RQ was calculated from the ratio of carbon production [n(CO 2 )] to oxygen consumption [n(O 2 )]: RQ 5 n(CO 2 )/n(O 2 ). CO 2 production in darkness was measured using the IRGA of the closed system, as described above. Oxygen consumption of leaf discs (from the half-leaflet used for the metabolic analysis) was measured with an oxygen electrode (Hansatech, Norfolk, England).
Metabolite Extraction and Quantification
The extraction procedures for starch, Suc, Glc, and Fru were similar to those described by Tcherkez et al. (2003) . Leaf powder was suspended with 1 mL of distilled water in an Eppendorf tube (Eppendorf Scientific, Hamburg, Germany). After centrifugation, starch was extracted from the pellet by HCl solubilization. Soluble proteins of the supernatant were heat denatured and precipitated, and soluble sugars and organic acids of the proteinless extract were separated by HPLC. After lyophilization, purified metabolites were suspended in distilled water, transferred to tin capsules (Courtage Analyze Service, Mont Saint-Aignan, France), and dried for isotope analysis.
Lipids were extracted as previously described (Deléens et al., 1984; Tcherkez et al., 2003) . In brief, fatty acids were methyl esterified with 2 mL of methanol-BF 3 ; 0.5 mL of water and 3 mL of pentane were then added for chlorophyll/lipid separation. The upper phase was transferred into another glass tube, and pentane was evaporated at 50°C with a nitrogen stream. Methyl esters were dissolved in 1.5 mL of methanolic sodium hydroxide. After 1 h at 40°C, pH was neutralized with 0.2 mL of HCl, and free fatty acids were separated with 2 mL of pentane. After pentane evaporation, fatty acids were dissolved in 70 mL of pentane and transferred to tin capsules for isotope analysis. Isotope analysis of metabolites was conducted using the same EA and IRMS as described above.
Calculation of the Percent of New Carbon in Respired CO 2 and Metabolites
The CO 2 respired in the dark after the labeling comes from old carbon that was already in the leaf before the labeling and new carbon that was recently fixed during the labeling. The proportion of new carbon in dark-respired CO 2 , denoted as p, was calculated using d 13 C. The d 13 C value resulting from respiration of old carbon is assumed to equal that observed before the labeling treatment (d b 5 222.2&). The d 13 C value of CO 2 from respiratory oxidation of new carbon takes into account two successive discriminations: the photosynthetic discrimination D O (520&) that applies to the d 13 C of labeling CO 2 (d L 5 251.2&), and the dark respiratory discrimination e dark . The d 13 C of darkrespired CO 2 taken as a whole is then the combination of the two sources (old and new carbon); that is: A rearrangement gives:
The e dark value is quite variable and could be at most 26& when calculated with Suc as a reference material. In this study, a comparison between Figures 2 and 3 (data obtained in nonstarved leaves) shows that it is close to zero. Moreover, the p values obtained assuming e dark 5 26& would only differ by about 3% from that obtained with e dark 5 0&. Thus, next we will assume e dark 5 0&.
Although the expression above was used in the calculations (see ''Results''), it is worth noting that the term ððd L 2 D O Þ=ð1 1 D O Þ 2 e dark Þ=ð1 1 e dark Þ can be approximated by d L 2 D O 2 e dark because D O and e dark are small compared to 1. This approximation does not generally exceed 1& and introduces a proxy in the value of p of about 1% only.
A similar relationship was used to calculate the proportion of new carbon in metabolites. The proportion of labeled carbon contained by a given metabolite pool, denoted as r, was then calculated by multiplying p by the amount of metabolite (denoted as c, in g m 22 ) and the proportion of carbon in it (denoted as x, in g g r 5 p 3 c 3 x q 3 M 3 10 2 3 :
